1 0 1 1 Keywords: SMC5/6 complex; Nse4 klesin linker; Nse1/Nse3 KITE subunits; ATP binding; 1 2 protein-protein interaction, fission yeast 1 3 1 4 2 ABSTRACT 1 5 The SMC (Structural Maintenance of Chromosomes) complexes are composed of 1 6 SMC dimers, kleisin and kleisin-interacting subunits. Mutual interactions of these subunits 1 7 constitute the basal architecture of the SMC complexes. Particularly, terminal domains of the 1 8 kleisin subunit bridge the SMC head domains of the SMC molecules. Binding of ATP 1 9
linker constrains its limited size. Our data suggest that the KITE proteins may shape the Nse4 To compare the role of Nse4 and ATP in bridging of the SMC5-SMC6 heads, we 1 7 2 introduced the SMC5/E995Q mutation which inhibits ATP hydrolysis; i.e. enhances ATP 1 7 3 retention between SMC5-SMC6 heads and their dimerization (Figs. 3A and S2; [14, 36] ). In 1 7 4 the 3Y2H system, the interaction between Gal4BD-SMC5 and Gal4AD-SMC6 constructs was 1 7 5 not detectable, suggesting a low stability of the SMC5-SMC6 dimer even upon stable binding 1 7 6 of ATP (Fig. 3A , columns 1 and 2). Addition of Nse4 resulted in stable SMC5-Nse4-SMC6 1 7 7 complex formation ( Fig. 3A , columns 3 and 4), suggesting that Nse4 stabilizes the bridge 1 7 8 between SMC5 and SMC6. The introduction of the ATP-hydrolysis mutation to the SMC5-1 7 9
Nse4-SMC6 complex only slightly increased its stability (Fig. 3A ), suggesting a major role of When we reduced the Nse4 binding affinity to SMC6 using the specific Nse4 1 8 3 mutations described above, the stability of the wild-type SMC5 complexes dropped more 1 8 4 dramatically than the stability of the SMC5/E995Q mutant complexes (Fig. 3A , compare odd 1 8 5 and even columns). For example, the L68C mutation reduced stability of the wild-type 1 1 specifically affecting stability of the Nse1-Nse3-Nse4 trimer to evaluate a role of the KITE 2 3 5 proteins. Specific mutations disturbing only individual Nse1-Nse3 (Nse1/Q18A, M21A) and 2 3 6
Nse3-Nse4 (Nse4/del87-91) binary interactions ( Fig. 4A , compare columns 3 against 4 and 9 2 3 7 against 10) did not affect the stability of the whole Nse1-Nse3-Nse4 trimer (Fig. 4A , columns 2 3 8 6 and 7), but their combination compromised trimer assembly ( Fig. 4A, column 8 ). When we 2 3 9 introduced this combination of Nse1 and Nse4 mutations to the SMC5-SMC6-Nse4-Nse3-
Nse1 complex, its stability was reduced as the KITE proteins lost their ability to bind and suggesting that the ATP-induced constraint of Nse4 depends on its binding to the KITE 2 4 5 subunits. Importantly, there was no difference between the stability of the ATP-free and ATP-2 4 6 bound complexes (compare columns 8 and 9), further corroborating our conclusion that the 2 4 7 ATP-mediated constraint depends on the binding of KITE dimer to Nse4. Furthermore, the compare columns 9 and 11), suggesting that the binding of Nse3 to the Nse4 linker partially 2 5 1 constrained it. Our data suggest that the instability of the SMC5/6 complex induced by ATP 2 5 2 binding is dependent on the binding of KITE proteins to the Nse4 kleisin linker. The KITE dimers bind linker regions of kleisin molecules in SMC complexes [7, 16, [27]) to lengthen the linker. The Nse4 extended construct bound Nse1-Nse3 KITE proteins 1 2 normally ( Fig. 4D ) and formed the SMC5-SMC6-Nse4-Nse3-Nse1 complex with the stability 2 6 0 similar to that with the normal Nse4 construct ( Fig. 4E , columns 3 and 4). Interestingly, 2 6 1 combination of the Nse4 extended construct with the SMC5/E995Q ATP-hydrolysis mutant 2 6 2 increased the stability of the SMC5-SMC6-Nse4-Nse3-Nse1 complex, suggesting that the 2 6 3 extended Nse4 linker partially alleviated ATP-induced constraint (Fig. 4E , columns 5 and 6). Taken together, we propose a model in which the KITE proteins shape the kleisin 2 6 5 linker connecting SMC heads. The KITE-shaped Nse4 linker fits the ATP-free conformation 2 6 6 of SMC5/6 (and therefore increases its stability), while the ATP-bound conformation is not driving the SMC5/6 dynamics. The kleisin subunits bridge the SMC heads in an asymmetric way and lock the SMC 2 7 3 ring at its head side [12, 13] . We have shown that Nse4 belongs to the kleisin superfamily of 2 7 4 proteins and binds strongly to κSMC5 head via its Nse4 C-terminal WHD [27] . However, we the Nse4-SMC6 interaction [31, 32, 42] . Here we developed several systems to prove and 2 7 7 analyse the interaction between Nse4 and SMC6. We mapped the Nse4-SMC6 interface in 2 7 8 detail and found that the Nse4-SMC6 interaction mode is similar to the other νSMC-kleisin interactions [16-18, 26, 34] . Therefore, we assume that Nse4 bridges SMC5-SMC6 proteins in 2 8 0 a way similar to kleisins in the other SMC complexes, except that the Nse4 bridge is 1 3
The kleisins lock the SMC rings that can embrace DNA or extrude a loop in an ATP- and serves as an exit gate for trapped DNA [19, 44, 45] . In the cohesin complex, the Scc1- regulators; [19] [20] [21] [22] [23] [24] ). Our data show that the SMC5/6 complex is unstable in the ATP-bound 2 8 8
state, suggesting that one or more interfaces are compromised upon ATP binding (Fig. 3B ).
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Given the weak nature of the Nse4-SMC6 interaction, we assume that this interaction is prone 2 9 0 to dissociation and that the Nse4-SMC6 interface is opened upon ATP binding. Consistent 2 9 1 with the latter notion, the ATP-mediated constraint was released when the Nse4-SMC6 2 9 2 interaction was disturbed ( Fig. 3B ). Therefore, we hypothesize that the binding of ATP to the The ATP binding induces changes in the mutual positions (and conformations) of the 2 9 7 SMC heads and arms [10, 26, [46] [47] [48] . Consequently, the shape of the whole SMC complex 2 9 8 changes from a rod-like conformation (with juxtaposed arms stabilized by their mutual Adamus, unpublished data). However, we observed this instability only in the presence of the 3 0 3 KITE subunits, suggesting that either our system is unable to detect the SMC5-SMC6 rod-to- It was shown that kleisin-interacting proteins (particularly KITE and HAWK subunits) 3 1 0 bind and shape linker regions of the kleisin molecules [7, 11, 16, 28, [39] [40] [41] [49] [50] [51] . Our data 3 1 1 showed that the binding of the Nse1-Nse3 KITE dimer increases the Nse4 ability to bind Vondrova, unpublished data). Therefore, we suggest that KITE subunits shape the Nse4 linker 3 2 2 to fit the ATP-free complex optimally and to facilitate opening of the complex upon ATP translational modification on the Nse4 linker could alter its binding to KITE partners or its Most of the Y2H constructs were prepared previously: pGBKT7-Nse3(aa1-328), pGADT7- Nse3(aa1-328) and pGBKT7-Nse4(aa1-300) constructs were created in [33], pOAD- amplified by oLV511+oLV486 ( Supplementary Table 2 ) and inserted into the NcoI-SalI 3 7 7 digested pGBKT7 by In-Fusion cloning protocol (Clontech). Nse5 was cloned into pGBKT7 To create the pGADT7-Nse4(aa1-300)/WT, pGADT7-Nse4(aa1-300)/del87-91 and pGADT7- Nse4(aa1-300)/ext constructs, Nse4 was PCR amplified from the corresponding p416ADH1- sequences of primers used for mutagenesis are listed in Supplementary Table 3 . The Gal4-based Y2H system was used to analyze S. pombe SMC5/6 complex interactions Briefly, three plasmids pGBKT7, pGADT7 and p416ADH1 with corresponding proteins were 4 1 9 co-transformed into the Saccharomyces cerevisiae PJ69-4a strain and selected on SD -Leu, - transformed at least three times and at least three independent drop tests were carried out. The SMC5/E995 conserved residue was mutated to glutamine (EQ) to inhibit ATP hydrolysis. The ATP retention has only mild additive effect on the stability of the SMC5-Nse4-SMC6 complex (scored on plates containing increasing concentrations of 3-Amino-1,2,4-triazole).
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The Nse4 mutations affected the stability of the wild-type SMC5 complexes more 5 0 6 2 2 dramatically than the stability of the SMC5/E995Q mutant complexes (compare odd and even 5 0 7 columns). Wild-type (WT) or E995Q (EQ) mutant versions of SMC5 are labelled in grey 5 0 8 below the panels (further details as in Figs. 1 and 2) . (B) Addition of the Nse1 and Nse3 KITE 5 0 9 proteins to the above SMC5/SMC6/Nse4 system stabilizes the SMC5-Nse4-SMC6 bridge.
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Although the KITE proteins stabilize the ATP-free SMC5-Nse4-SMC6 complex (columns 1 5 1 1 and 3), they destabilize ATP-bound complex (columns 2 and 4). The Nse4 mutations decrease 5 1 2 stability of the ATP-free SMC5-SMC6-Nse4-Nse3-Nse1 complex gradually (columns 5, 7, 9 5 1 3 and 11) while the stability of the ATP-bound complexes drops first (columns 6, 8, and 10) and then it recovers in the L62C, T65R double mutant (column 12). (A) The Nse1-Nse3-Nse4 subcomplex is held by mutual interactions between its subunits.
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The Nse4/del87-91 (del) deletion disturbs the Nse3-Nse4 binary interaction (columns 3 and 4) 5 1 9 and the Nse1/Q18A, M21A (QM) double mutation abrogates the Nse1-Nse3 binary 5 2 0 interaction (columns 9 and 10), but they do not alter stability of the Nse1-Nse3-Nse4 trimer difference between stability of ATP-free and ATP-bound complexes (compare columns 8 and 5 2 7 9), suggesting that the binding of KITE proteins to Nse4 destabilizes ATP-bound complexes. Furthermore, the Nse4/del87-91 mutation alone also partially supresses the instability of the ATP-bound complex (column 11), suggesting that the binding of Nse3 to Nse4 linker (compare columns 5 and 6). Binding of ATP to the SMC heads leads to their dimerization and changes their mutual and Nse4 is reattached to the SMC6 arm (state B4). 
